We present a novel method for the optical fabrication of particular structures with sub-100-nm features by using directwrite laser lithography at 405-nm wavelength. A doughnut-shaped spot, generated by focusing an azimuthally polarized beam using an NA=0.2 lens, exhibits a central dark region, i.e., optical vortex. This is the key to write well-isolated nano-structures like nano-cylinders. A decomposition of such doughnut spots leads to two-half-lobes spots that can create line patterns when linearly scanned. This method is fast and inexpensive to fabricate well-isolated nano-cylinders or nano-holes and nanometer-size line patterns or trenches compared to other nano-fabrication methods. They can find applications for the fabrication of a nano solid immersion lens, an isolated quantum dot, plasmonic waveguides, and for micro-and nano-fluidics.
INTRODUCTION
Optical fabrication techniques seek a breakthrough to overcome Abbe's diffraction limit. There are varieties of novel methods that demonstrate resolution beyond the diffraction limit. For instance, an optically trapped sub-micron dielectric sphere serves as a near-field focusing lens to directly write patterns of approximately 100 nm in liquid ambience 1 , and accelerated metallic nanoparticles by optical force form a stamp on the substrate that is coined optical force stamping lithography 2 . Two photon absorption (TPA) lithography [3] [4] [5] [6] , also called direct-laser-write (DLW) lithography, is another good example of super-resolution techniques. Some techniques have already been commercialized and allow full 3D writing scheme 7 . Another way to achieve sub-100-nm pattern size is using two beams: for initiation and deactivation of polymerization with one-color illumination 8 and with two-color illumination 9 , for absorbance modulation 10, 11 , and for stimulated-emission-depletion microscopy (STED) 12 illumination for DLW 13 . The two-beam techniques rely in general on a hollow focal spot, i.e., the doughnut-shape spot, whose tiny dark central region plays an important role to achieve such a small feature size.
A doughnut-shape hollow spot can be generated by manipulating the state of polarization of a laser beam. For example, spatial polarization states, such as, radial or azimuthal polarization, lead to such spots 14, 15 . The former type, namely, the radial polarization, has drawn attention of many researchers due to the presence of a strong longitudinal component in a high numerical aperture (NA) focus. This strong longitudinal field component fills up the central dark zone of the doughnut spot and finally generates a sharper focus compared to that of a linear polarization 16, 17 . Such a smaller and bright focal spot finds its application in many research areas (see Refs. 18 and 19, the references therein). The latter case, the azimuthal polarization, leads to a hollow focal spot and this is equally advantageous for many other super-resolution optical systems, such as, STED microscopy 13 and optical dark trapping [20] [21] [22] [23] . Moreover, a hollow spot allows two-beam laser lithography techniques to realize sub-100-nm feature size 8, 9, 13 .
The goal of this paper is to report on a novel lithography method that directly utilizes such doughnut spot and its decomposition in order to fabricate particularly shaped nano-structures with sub-100-nm pattern size. Our approach is to apply a structured focal spot to directly write patterns on a conventional positive photoresist (PR) layer instead of using two beams with specific photosensitive materials [8] [9] [10] [11] 13 . Our method is particularly elegant because here a change in the illumination system allows to change the shape and resolution of the pattern to be written and there is no need to change the objective. The resulting structures are well-isolated nano-cylinders that find applications for nano solid immersion lens 24 and give an inexpensive way to fabricate isolated quantum dots instead of using electron beam lithography (EBL) 25 . A decomposition of such spots using a polarizer transforms the doughnut shape into two-half-lobes shape. When this is linearly scanned, line patterns can be achieved that might be of use to realize future photonic circuits based on plasmonic nanowaveguides 26 . When a negative PR is applied, nano-holes and nano-trenches can be produced that can be utilized in micro-and nano-fluidics applications.
MANIPULATION OF ILLUMINATINO BEAM
In order to manipulate incident polarization and to structure the incoming plane wave, a radial/azimuthal polarization converter (ARCoptix S.A.) is inserted before a focusing lens (NA = 0.2). This converts the incident polarization of a collimated laser light (CrystaLaser, BCL-040-405-S, λ = 405 nm) from linear to radial or azimuthal. The radial polarization does not always assure the dark zone in the center of the focal spot (see Ref. 16) . Regardless of the NA of the lens, the focused azimuthally polarized beam always generates a doughnut spot as shown in Fig. 1(a) . This is due to non-existence of the longitudinal field component 14, 15, 27 . The azimuthal polarization is therefore preferred for this study. Throughout this paper, this particular state of polarization shall be used. The lateral resolution of the pattern size in photolithography is highly depending on the photoresist film thickness. Thin layers of resist in general assure better resolution. In order to obtain sub-100-nm pattern size, the PR film coating thickness has been targeted to be 100 nm. AZ 1518 positive photoresist (MicroChemicals GmbH), which shows a good sensitivity and absorption at 405-nm wavelength, is well-suited to achieve thicknesses in the range from 2.5 µm down to 500 nm. The sub-micron coating thickness can be readily achievable by diluting with AZ® EBR Solvent (i.e., thinner). The standard 500-nm thick coating process that is obtained by the 1:1 mixture of AZ1518 and thinner does not lead to films below 200 nm. By doubling the amount of the thinner, and using a dilution of 1:2, a 100-nm coating thickness could be achieved at 6000 rpm at 30 sec. The standard prebaking process (100 °C for 1 min. on a hotplate) is applied. A typical development recipe has been found to destroy some fine features for this extremely thin PR film application. We develop a suitable new recipe with particular high dilution and long development times as follows: AZ 315B developer: water = 1:20 for 5 -10 minutes with gentle shaking. A low-temperature development approach, which has been proven to be helpful in EBL 28 , might also be applied to protect structures of small feature size but was not tested.
DIRECT-WRITE LASER LITHOGRAPHY
For lithography, obtaining optimum exposure conditions is one of the most time-consuming and challenging tasks since it is highly depending on other parameters, for example, light source, film thickness, and the type of photoresist. In general, the optimum exposure dose for most positive resist is the one where the development rate starts to saturate 28 . When the exposure dose is too low, the development time and thus the dark erosion increase. In contrast, too high exposure dose values cause light scattering and diffraction in the resist film, which deteriorates the resolution and pattern shapes. Exposure does (mJ/cm 2 ) is in general calculated as a product of the light intensity (mW/cm 2 ) and the exposure time (sec.). For a 350-W mask aligner 29 , the light intensity is measured to be approximately 20-30 mW/cm 2 . Since the
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2011.12.09 12:06 10 um peak intensity of each emission line of the Hg bulb is analogous, the effective intensity of one of emission lines can be simply calculated by dividing the total intensity with a factor of three when a proper band-pass filter is used. Practical exposure time in a 350-W mask aligner is some seconds. On the other hand, when a laser beam is applied for photoresist exposure, the exposure conditions are different from those of a mask aligner. For thin PR film (t < 1 m), the coated PR film becomes UV-transparent during exposure because it is below the penetration depth of typical exposure wavelengths. Therefore, we can neglect the effect of the film thickness and simplify the calculation to find equivalent exposure dose for focused laser beam lithography. Thin AZ 1518 film (t < 2 m) requires exposure time of approximately 20 sec. in a 350-W mask aligner, which leads to exposure dose of 400-600 mJ/cm 2 . Note that three aspects for focused laser beam lithography should be considered. First, narrow-band spectrum (i.e., a single wavelength): the exposure intensity would be equal to that of the Hg lamp when the sensitivity split over three emission lines is neglected for simplicity. Second, Gaussian intensity distribution of the focal spot: the intensity at the edge of the focal spot is 1/e 2 times lower than the peak intensity. Third, small exposure area: the focusing leads to a finite spot that falls in the wavelength range. Since the spot size d (= 1.22 /NA) is in the range of micrometer for a UV, the exposure dose should be calculated for m 2 rather than cm 2 . These considerations lead to a guide line for the exposure dose D Laser as below. 
where D 0 is the dose for conventional lithography that is a product of exposure intensity I and exposure time t. By taking I = 30 mW/cm 2 and t = 20 sec., Eq. (1) leads to D Laser = 0.44 nJ/μm 2 . This sets the guideline of the exposure laser power in the range of nanowatt (nW) and the exposure time in the order of second. The variations from 0.1 nW to 4 nW for 1 to 10 sec. have been applied to find proper conditions.
Static exposure
For the doughnut-shape spots, the effective working ranges are found to be 2 nW and 4 nW for 2 to 3 sec. After the development process, the scanning electron microscope (SEM) images of the resulting patterns of the exposure of the doughnut spot are shown in Fig. 2 . Dark-large circular patterns are the removed PR parts due to the bright spot exposure and the bright-circular spots in the center are the cylindrical patterns. When the exposure dose increases, the full pattern size increases and the size of the cylindrical pattern at the center decrease due to the overexposure under the same NA focusing condition. For the extreme case, the overexposure can erase the central pattern as shown the top right of Fig. 2 . When a linear polarizer is inserted after the polarization converter, the doughnut spot is decomposed into two-half lobes. Figure 3 shows the SEM images of the patterned structures by this decomposed spot. The polarizer absorbs approximately 50% of intensity, and one needs to double the incident laser power to keep the same exposure dose. For the top row the polarizer is aligned along the vertical direction and for the bottom row along the horizontal direction. 
Dynamic exposure
The two-lobe spots can be applied to create a line patterns by applying the linear scanning of such particular spots with respect to the PR layer. In our case, the focusing lens is fixed for the in-situ monitoring of the illumination beam quality.
A xy piezo actuator (Mad City Lab Inc., Nano-Bio100) with scanning range of 100 x 100 m 2 is applied to scan the PR coated substrate. Scanning such two-lobes spots, which are shown in Figs. 1(b) and 1(c), along the direction of the principal axis of the polarizer produces high resolution line patterns as shown in Fig. 4 . One dimensional array can be created when the movement is done by steps, as well. Figure 4 shows SEM images of the various exemplary cases. The exposure conditions for scanning scheme differ from that of static lithography. The smallest line pattern, whose width was measured to be approximately 85 nm, has been realized by scanning 20-m length by 200 steps with each step of 2 nW for 300 msec. exposure. 
CONCLUSIONS
We have demonstrated a novel nanolithography method to fabricate the sub-100-nm patterns using a focused azimuthally polarized incidence (NA = 0.2  = 405 nm). A doughnut-shape focal spot leads to well-isolated nano-cylinders of the diameter down to 90 nm at exposure of 4 nW 3 sec. Such cylindrical patterns can be utilized for fabrication of nano solid immersion lens or isolated quantum dots. A polarizer decomposes such doughnut spots into two-lobes spots that produce the central gap of 90 nm at the equivalent exposure condition. When this two-lobes spot is linearly scanned by a piezo actuator, line patterns are produced. The minimum producible width has been found to be 85 nm at the optimum scanning conditions as follow: 20 m of 200 steps and exposure of 2 nW 300 msec. for each step. Such line patterns can be directly used as waveguides or etch mask for further processes. When a negative photoresist is applied, well-isolated nano-holes and nano-trenches, which can find applications in micro-and nano-fluidics, can be produced by the same method. However, process conditions should be optimized to achieve sub-100-nm feature size.
